All microbiome data are in NCBI SRA (<https://www.ncbi.nlm.nih.gov/sra>), accession\# PRJNA491464 and PRJNA491467.

Introduction {#sec005}
============

*Clostridium difficile* infection is a major burden in US health care system and can lead to sepsis and death \[[@pone.0205055.ref001], [@pone.0205055.ref002]\]. The pathogenic *C*. *difficile* species belong to the genus *Clostridium XI* \[[@pone.0205055.ref003], [@pone.0205055.ref004]\] which is a member of the intestinal microbiota. Patients with *C*. *difficile* infection showed a higher prevalence of *Clostridium XI* \[[@pone.0205055.ref005]\]. Asymptomatic *C*. *difficile* colonization was observed in healthy individuals and their *Clostridium XI* level was lower than those with active *C*. *difficile* infection \[[@pone.0205055.ref005], [@pone.0205055.ref006]\]. The objective of the study is to use controlled fiber feeding to determine intestinal microbial factors that reduce the presence of *Clostridium XI* in the large intestine.

Dietary fiber family is made of nondigestible carbohydrates with vastly different sizes, structures and bacterial fermentabilities. In this study, poorly fermentable cellulose is the only fiber included in the Control AIN-93G diet \[[@pone.0205055.ref007]\]. Purified inulin from chicory \[[@pone.0205055.ref008], [@pone.0205055.ref009]\] is an approved fructan supplement and widely used soluble fermentable fiber by food manufacturers. We have formulated inulin-supplemented AIN-93G diet \[[@pone.0205055.ref010]\] and found bile acid-modifying \[[@pone.0205055.ref010]\] and anti-inflammatory \[[@pone.0205055.ref011]\] effects in mice studies. The ability of inulin to modify intestinal microbiota human and other mammalian species was recently reviewed \[[@pone.0205055.ref012], [@pone.0205055.ref013]\]. Other isolated/purified dietary plant fibers have also been found to modify intestinal microbiota \[[@pone.0205055.ref012], [@pone.0205055.ref013]\]. However, most studies did not address the effect of unpurified fiber as a part of normal diet. To address the collective effect of multiple unpurified fibers, a group of chow-fed mice was included in this study. Rodent chow commonly used in animal facilities contains fiber (soluble and insoluble) from its ingredients, wheat, soybean and corn \[[@pone.0205055.ref014]\]. It mimics the plant-enriched dietary choice among humans.

One unique aspect of the mouse study is the collection and processing of 24-hr feces. The parallel food intake, fecal collection and body weight measurement along with microbiome analysis can help to address the possible link if any between body weight and intestinal microbiome. More importantly, 24-h fecal recovery provides information on the daily total fecal bacterial load and the fecal bacterial density. These quantitative characteristics of intestinal microbes are complementary to the relative abundance of bacteria genera obtained from operational taxonomic units (OTU)-based microbiome analysis. A few previous studies have reported higher fecal microbial density after soluble fiber supplementation \[[@pone.0205055.ref012]\]. An increase in the soluble fiber/insoluble fiber ratio in the diet led to more fermentation by-products in dogs \[[@pone.0205055.ref015]\]. However, these studies did not examine the prevalence of *C*. *difficile* or *Clostridium XI* genus. A major risk factor for *C*. *difficile* infection is the antibiotic exposure \[[@pone.0205055.ref016]\]. Because antibiotics often alter intestinal microbiota, colonization resistance of healthy intestinal microbiota against *C*. *difficile* was proposed \[[@pone.0205055.ref017]\]. While the contribution of particular microbial genera especially those with probiotic species was usually emphasized \[[@pone.0205055.ref017]\], we hypothesized that fecal bacterial load and density could also play a role in the colonization resistance. We tested the hypothesis by performing fecal bacterial load, microbial density and microbiota analysis under the three diets described above.

Materials and methods {#sec006}
=====================

Animal care and sample collection {#sec007}
---------------------------------

The protocols for mouse care and handling were approved by the Institutional Animal Care and Use Committee of University at Buffalo. Newly weaned murine pathogen-free inbred C57BL/6NTac mice from a single facility of Taconic Biosciences were used. To avoid the effect of hormonal changes during estrus cycling, only male mice were used. Upon arrival to the conventional animal facility (74°F, 12-h light/12-h dark), they were assigned to one of the three diets: AIN-93G diet containing 5% (wt:wt) poorly fermented insoluble cellulose as the fiber source (Control) \[[@pone.0205055.ref007]\]; AIN-93G diet supplemented with 5% (wt:wt) soluble and fermentable fiber, purified inulin (Inulin) \[[@pone.0205055.ref010]\]; rodent chow (Teklad 2018SX, Envigo) with wheat, corn and soybean (Chow). Chow contains 14.7% neutral detergent fiber and unpurified fermentable fiber including inulin \[[@pone.0205055.ref009], [@pone.0205055.ref014]\]. Experimental mice had no restriction on food intake and were given free access to tap water. Laboratory grade Sani-chip (Teklad 7090, Envigo) was used as the bedding material. The same types of plastic cage and bedding material were used before, during and after the fecal collection. To tightly control the fiber intake, no natural fiber-containing cage enrichment was provided.

To measure the absolute changes in the microbial quantity, we developed a method to collect 24-h feces from individual mouse, which allows us to quantify the daily fecal microbial output and daily average microbial density in feces. Fecal microbial composition was shown to be stable during 24 h room temperature storage \[[@pone.0205055.ref018]\] although nucleotides from exfoliated cells of the gastrointestinal tract degrade quickly \[[@pone.0205055.ref019]\]. All mice in this study were individually housed and fecal collection was performed at the end of 12-h light cycle. At 24 h before the fecal collection, each mouse was transferred to a clean cage with fresh bedding as part of the weekly cage change. Fecal collection was done while each mouse was transiently removed from the cages for the weekly body weight and food intake measurements. There was no sign of undue stress beyond the normal cage change and health monitoring. No animal injury or loss was observed from the dietary treatment or the fecal collection procedure. To preserve microbial integrity, feces collected into pre-weighed vials were used immediately for DNA extraction or stored in -80°C and used within 6 mo \[[@pone.0205055.ref018]\]. Mice were killed at the end of dietary treatment. Some 8-wk Inulin-diet mice were switched to the Control diet for another 4 weeks of fecal collection and then killed. Cecal content was collected from the dissected cecum after mice were killed by cervical dislocation at the end of the 12-h light cycle. Cecal content was used for DNA extraction immediately. The protocol for mouse 24-hr feces and cecal content collection has been deposited in Protocols.io for public access ([dx.doi.org/10.17504/protocols.io.te7ejhn](http://dx.doi.org/10.17504/protocols.io.te7ejhn)).

Bacterial DNA extraction and characterization by PCR {#sec008}
----------------------------------------------------

The entire 24-h feces was used for DNA extraction because randomly sampled small quantity of human stool was found not to accurately represent the entire feces in microbial composition \[[@pone.0205055.ref020]\]. Mouse fecal pellets we collected also varied in appearance (unpublished observation). Cecal DNA was also extracted from the entire cecal content. The samples collected in the same day were generally extracted at the same time. Ground glass pestle and vessel were used for the homogenization of feces after the feces have been hydrated and mashed in ice-cold 0.9% NaCl solution for 30 min. Cecal content was homogenized in ice-cold 0.9% NaCl solution using Kontes kit (\#749520) with Kontes pellet pestle motor (\#749540). After homogenization, the complete release of microorganism from the fecal and cecal mass was confirmed under the microscope. The homogenized fecal and cecal samples were centrifuged at 900 x g, at 4°C for 5 min to remove large particles including undigested food and intact mouse gastrointestinal cells, if any. The OD~650~ of the supernatant was measured to estimate the total fecal microbial recovery before DNA extraction \[[@pone.0205055.ref021]\]. The protocols for fecal and cecal bacteria DNA extraction have been deposited in Protocols.io for public accesss ([dx.doi.org/10.17504/protocols.io.tfyejpw](http://dx.doi.org/10.17504/protocols.io.tfyejpw) and [dx.doi.org/10.17504/protocols.io.tfeejje](http://dx.doi.org/10.17504/protocols.io.tfeejje)).

The supernatant was then centrifuged at a higher speed (15,000 x g, 4 min) to separate bacterial pellets from degraded mouse DNA and other small cellular remnants. Wizard genomic DNA purification kit (Promega Corp. Madison, WI) was used with published modifications in bacterial lysis \[[@pone.0205055.ref022], [@pone.0205055.ref023]\] to extract RNA-free large genomic DNA from the bacterial pellets. OD reading at 260 nm was used to calculate fecal DNA recovery. To ensure the effectiveness of our multiple steps in separating mouse DNA from the bacterial DNA, we performed PCR analysis of mouse genes in the extracted fecal DNA to validate the low mouse DNA contamination. Published PCR primers for three mouse genes, insulin-like growth factor 2, IL10 and sodium-dependent vitamin C transporter 2, were used and mouse tissue DNA that we have reported was used as the mouse DNA standard \[[@pone.0205055.ref024], [@pone.0205055.ref025]\]. For the purpose of quality control in the microbiota analysis and in qPCR quantification, DNA was also extracted from a mixture of known concentrations of bacteria including *Bifidobacterium lactis*, *B*. *breve*, *B*. *longum*, *Lactobacillus acidphilus*, *L*. *casei*, *L*. *plantarum*, *L*. *paracasei*, *L*. *salivarius*, *L*. *rhamnosus*, and *L*. *bulgaricus* (Ultimate Flora, ReNew Life Formula, Palm Harbor, FL) and used as the bacterial DNA standard.

Sequencing and microbiome analysis {#sec009}
----------------------------------

Fecal and cecal DNA samples were analyzed using Illumina MiSeq System in UB Next-Gen Sequencing Core Facility (300-cycle paired end) following the manufacturer's protocol. Individuals blinded to the dietary treatment performed fecal DNA amplification, sequencing and microbiome data analyses. Technical duplicates of DNA samples and bacterial DNA standard were included at different locations during the amplification and sequencing. Illumina V1-V3 primer pair for 16S-rRNA \[[@pone.0205055.ref026]\] was used for the first run of sequencing. We found that V1-V3 primer pair could amplify the 16S-rRNA gene of *Lactobacillus* but not that of *Bifidobacterium* based on the results from the bacterial DNA standard. Illumina V3-V4 primer pair for 16S-rRNA was then used for the second run of sequencing \[[@pone.0205055.ref026]\]. V3-V4 primer pair amplified DNA standard effectively and microbiota analysis yielded *Bifidobacterium* and *Lactobacillus* at the expected prevalence.

All the raw data of MiSeq sequencing results were stored as FASTQ \[[@pone.0205055.ref027]\] format files. They are available as SRA accession\# PRJNA491464 and PRJNA491467 in the NCBI website. Pair-end reads were joined by using PEAR V0.9.6 \[[@pone.0205055.ref028]\]. Samples with low reads (less than the mean minus 2 SD of the run) were first rejected. Quality filtering was then performed to remove low quality reads by using FASTX-Toolkit V0.0.13 (<http://hannonlab.cshl.edu/fastx_toolkit>). A merged read with 90% of its bases have Pred quality scores \[[@pone.0205055.ref029]\] higher or equal to Q30 was considered as a good read and retained for downstream analyses. The samples used for the analyses have an average read of 101,197 and 76,302, respectively, for the run 1 and 2 of sequencing. From the accepted samples, we performed closed-reference OTU picking through BLAST \[[@pone.0205055.ref030]\] search against the Ribosomal Database Project database \[[@pone.0205055.ref031]\] with stringent criteria: the identity percentage \>97% and the length of the aligned region \>97% of the total length. DESeq2 \[[@pone.0205055.ref032]\] was used to determine which taxonomic units were significantly different between groups (p\<0.05). Benjamini-Hochberg method \[[@pone.0205055.ref033]\] was then applied to control the false discovery rate. Genus level is the lowest taxonomic rank available in Ribosomal Database Project database. Compiling the top five most abundant genera from each sample generated the stacking bar graphs of major genera. The alpha-diversity analysis was performed using the QIIME \[[@pone.0205055.ref034]\] pipeline. The rarefaction curves show the number of observed OTUs across a range of progressively deeper simulated sequencing depths.

qPCR analysis of fecal DNA {#sec010}
--------------------------

Because Illumina V1-V3 primer pair could not amplify the *Bifidobacterium* 16S-rRNA sequence, qPCR was also performed on fecal and cecal DNA samples using other *Bifidobacterium*-specific primers \[[@pone.0205055.ref035], [@pone.0205055.ref036]\]. SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories Inc., Hercules, CA, USA) was used for PCR reaction in iCycler iQ PCR machine (Bio-Rad Laboratories Inc). The Cq was found to be linear to the amount of input *Bifidobacterium* DNA standard from 10^−8^ to 10^−3^ g/L. Two sets of qPCR primers, BgenusA \[[@pone.0205055.ref035]\] and BgenusB \[[@pone.0205055.ref036]\], amplified our fecal and cecal samples equally well and the qPCR results from these two primer sets were highly correlated (y (BgenusB) = 6.9 +1.05 x (BgenusA), R^2^ = 0.941, N = 112) (**[S1 Fig](#pone.0205055.s002){ref-type="supplementary-material"}**). The amount of *Bifidobacterium* DNA in the cecal samples and the corresponding fecal samples collected at the same day showed non-linear positive correlation ([S1 Fig](#pone.0205055.s002){ref-type="supplementary-material"}).

Statistical analysis {#sec011}
--------------------

Seven to eight mice were used for each treatment group, Control, Inulin and Chow. Previous fiber studies on C57BL/6 mice found 5--8 mice per group sufficient in detecting the treatment effects of Inulin diet \[[@pone.0205055.ref010], [@pone.0205055.ref011]\]. For the analysis of food intake, body weight, 24-h fecal weight as well as daily fecal microbial and DNA recovery at each time point, Dunnett's Multiple Comparison Test \[[@pone.0205055.ref037]\] was used to test two non-orthogonal contrasts from the three groups at each time point: Inulin vs. Control and Chow vs. Control. The test provides a single step control of Type I error \[[@pone.0205055.ref037]\]. Significant difference was concluded when p\<0.05.

Results {#sec012}
=======

Food intake and body weight were monitored to determine the effect of fiber on growth. The post-weaning weight gain, daily food intake, and daily energy intake of male C57BL/6 mice given three different diets, Control, Inulin and Chow, are shown in **[Fig 1](#pone.0205055.g001){ref-type="fig"}**.

![**The effect of inulin supplementation and unpurified dietary fiber on (A) body weight, (B) daily food intake, (C) daily energy intake, and (D) 24-hr fecal output.** Comparisons were made between the newly weaned mice given AIN-93G diet (Control) and those given AIN-93G diet supplemented with 5% inulin (Inulin); as well as between the newly weaned mice given Control and those given wheat, soy, and corn-based rodent chow (Chow). Values shown are mean±SD of 7--8 mice in each group. Data points of Inulin or Chow groups with \* are significantly different from that of the Control group at the same age (p\<0.05). The energy contents of Control and Inulin were the same at 3,759 Kcal/Kg while Chow had only 3,100 Kcal/Kg.](pone.0205055.g001){#pone.0205055.g001}

The three different diets, Control, Inulin and Chow, led to similar weight gain ([Fig 1A](#pone.0205055.g001){ref-type="fig"}). Chow-fed mice had significant higher daily food intake at all time points ([Fig 1B](#pone.0205055.g001){ref-type="fig"}) but the total daily energy intake was mostly not different among three groups ([Fig 1C](#pone.0205055.g001){ref-type="fig"}). The 24-h fecal output shown in [Fig 1D](#pone.0205055.g001){ref-type="fig"} examines the relationship between fiber intake and fecal bulk. Chow-feeding increased daily fecal output while Inulin-feeding led to similar or slightly lower daily fecal output compared to the Control group. Of all data points from the Chow-fed mice, there is a significant positive linear correlation between daily food intake (or daily neutral detergent fiber intake) and fecal output (**[S2 Fig](#pone.0205055.s003){ref-type="supplementary-material"}**).

We processed the entire 24-hr feces and used two methods to estimate fecal microbial amount: OD650 of the fecal supernatant after the removal of food remnants and gastrointestinal cells; and OD260 of high-molecular weight DNA extracted from the pelleted fecal supernatant. Using our method to collect and process feces, PCR reactions revealed that mouse DNA accounted for less than 0.5% of the fecal DNA we extracted. **[Fig 2](#pone.0205055.g002){ref-type="fig"}** included the results on daily total OD650, total μg fecal DNA, as well as μg fecal DNA normalized by fecal weight and OD650.

![**The effect of inulin supplementation and unpurified dietary fiber on (A) daily fecal microbial recovery, (B) daily fecal DNA recovery, (C) fecal DNA density, and (D) DNA content of microbes.** Comparisons were made between the newly weaned mice given AIN-93G diet (Control) and those given AIN-93G diet supplemented with 5% inulin (Inulin); as well as between the mice given Control and those given wheat, soy, and corn-based rodent chow (Chow). Values shown are mean±SD of 4--8 mice in each group. Data points of Inulin or Chow groups with \* are significantly different from that of the respective Control group after the same duration of dietary treatment (p\<0.05).](pone.0205055.g002){#pone.0205055.g002}

Fecal daily total microbial recovery, estimated either by OD650 of fecal supernatant ([Fig 2A](#pone.0205055.g002){ref-type="fig"}) or μg DNA extracted ([Fig 2B](#pone.0205055.g002){ref-type="fig"}), was significant higher in Inulin and especially Chow groups compared to the Control throughout the duration of dietary treatment. Feeding inulin or Chow with a mixture of unpurified dietary fiber both led to a higher fecal microbial DNA density as well ([Fig 2C](#pone.0205055.g002){ref-type="fig"}).

When total fecal DNA was divided by OD650 (total amount of microbes) to determine the DNA content of microbes, the three groups were much more similar ([Fig 2D](#pone.0205055.g002){ref-type="fig"}). Effects of fiber similar to those in [Fig 2](#pone.0205055.g002){ref-type="fig"} were observed in the cecum. Inulin increased the total cecal weight compared to the Control in our previous study \[[@pone.0205055.ref010]\]. In this study, Chow-feeding also led to a similar increase in the total cecal weight (0.39±0.06 g). Inulin- and Chow-fed mice had more microbial DNA per wet weight of cecal content compared to the Control-fed mice (93.7, 80.0 vs. 4.66 μg DNA/g wet weight). Dietary fiber did not affect the water content in the cecum with around 77% water per wet weight of cecal content in all three groups.

The effect of fiber on the relative abundance of various bacterial genera was determined by comparing the microbiota from different dietary groups at different time points as shown in **Figs [3](#pone.0205055.g003){ref-type="fig"}--[6](#pone.0205055.g006){ref-type="fig"}**. In [Fig 3](#pone.0205055.g003){ref-type="fig"}, the comparison was made between feces from the same group of mice before the start of Inulin and after 8-wk Inulin. Eight-wk Inulin-feeding led to differences in the fecal microbiota with the highest increase in the prevalence of *Lactobacillus*, a genus in the phylum Firmicutes with some probiotic species. The prevalence of *Alistipes*, a genus in the phylum Bacteroidetes, became lower upon the Inulin feeding. These two groups of samples were amplified using Illumina V1-V3 primer pair, which did not amplify *Bifidobacterium*. Nevertheless, qPCR did not detect any dietary effect on *Bifidobacterium*, a genus in the phylum Actinobacteria also with some probiotic species. In [Fig 4A and 4B](#pone.0205055.g004){ref-type="fig"}, feces from two groups of age-matched mice were compared. One-week and 4-wk Inulin feeding both affected the fecal microbiota but the effects were not the same. While both comparisons ([Fig 4A and 4B](#pone.0205055.g004){ref-type="fig"}) found no difference in the relative abundance of *Bifidobacterium*, *Lactobacillus* was lower in the Inulin group at the 1-wk comparison. Although no one genus was consistently increased by soluble fiber inulin in Figs [3](#pone.0205055.g003){ref-type="fig"} and [4](#pone.0205055.g004){ref-type="fig"}, *Clostridium XI* was consistently decreased by Inulin-feeding.

![The effect of 8-wk AIN-93G diet containing purified fermentable fiber, inulin, on the relative abundance of fecal bacterial genera.\
Feces collected at two time points from the same group of mice (N = 7) were compared. Control feces were collected before the start of Inulin diet. Inulin-fed feces were collected after 8-wk Inulin-supplemented diet. The genera shown in the figure represent those that had significant difference (corrected p\<0.05) between the two collections of feces and are listed following the ranking in abundance. The corrected p-value for *Clostridium XI* is 1.05E-02. The genera in light gray font have higher prevalence after 8-wk Inulin-supplemented diet. The genera in dark font have lower prevalence after 8-wk Inulin-supplemented diet.](pone.0205055.g003){#pone.0205055.g003}

![Comparison between mice consuming AIN-93G diet with or without purified fermentable fiber, inulin, on the relative abundance of fecal bacterial genera.\
Comparisons were made between the feces from two groups of age-matched mice after 1-wk of Control or Inulin (A); and between the feces from two groups of age-matched mice after 4-wk of Control or Inulin (B). N = 7--8 mice in each group. The genera shown in the figure represent those that had significant difference (corrected p\<0.05) between the two groups of mice and are listed following the ranking in abundance. The corrected p-value for *Clostridium XI* is 1.71E-05 (A) and 4.05E-16 (B). The genera in light gray font have higher prevalence in the Inulin group. The genera in dark font have lower prevalence in the Inulin group.](pone.0205055.g004){#pone.0205055.g004}

![Comparison between mice consuming AIN-93G control diet and mice consuming chow with unpurified fibers on the relative abundance of fecal bacterial genera.\
Comparisons were made between the feces from mice after 4-wk of Control or chow. N = 5--7 mice in each group. The genera shown in the figure represent those that had significant difference (corrected p\<0.05) between the two groups of mice and are listed following the ranking in abundance. The corrected p-value for *Clostridium XI* is 1.54E-10. The genera in light gray font have higher prevalence in the Chow group. The genera in dark font have lower prevalence in the Chow group.](pone.0205055.g005){#pone.0205055.g005}

![Comparison between mice consuming inulin-containing AIN-93G diet and mice consuming chow with unpurified fibers on the relative abundance of fecal bacterial genera.\
(A) Comparison between Chow-fed mice and mice after 1-wk Inulin feeding; (B) Comparison between Chow-fed mice and mice after 4-wk Inulin feeding. N = 5--8 mice in each group. The genera shown in the figure represent those that had significant difference (corrected p\<0.05) between the two groups of mice and are listed following the ranking in abundance. The corrected p-value for *Clostridium XI* is 1.39E-2 and 0.992, respectively, for (A) and (B). The genera in light gray font have higher prevalence in the Inulin group. The genera in dark font have lower prevalence in the Inulin group.](pone.0205055.g006){#pone.0205055.g006}

[Fig 5](#pone.0205055.g005){ref-type="fig"} shows a long list of genera that had significant difference between the intestinal microbiota of Chow-fed mice and Control mice. The prevalence of *Bifidobacterium* was lower in Chow-fed mice but *Lactobacillus* was not different between two groups. Similar to Figs [3](#pone.0205055.g003){ref-type="fig"} and [4](#pone.0205055.g004){ref-type="fig"}, Chow-feeding with its multiple fiber types also decreased *Clostridium XI* in [Fig 5](#pone.0205055.g005){ref-type="fig"}. In [Fig 6](#pone.0205055.g006){ref-type="fig"}, fecal microbiota from the Inulin-fed mice was compared to that of the Chow-fed mice. At 1-wk after starting Inulin diet, the prevalence of *Clostridium XI* was higher than that in the Chow group ([Fig 6A](#pone.0205055.g006){ref-type="fig"}). However, this difference disappeared at 4-wk after Inulin diet ([Fig 6B](#pone.0205055.g006){ref-type="fig"}). *Bifidobacterium* was higher in the Inulin-fed groups at both time points ([Fig 6](#pone.0205055.g006){ref-type="fig"}).

The % relative abundance of *Clostridium XI* from all fecal samples of Control and Inulin groups that had been sequenced was summarized in **[Table 1](#pone.0205055.t001){ref-type="table"}**. [Table 1](#pone.0205055.t001){ref-type="table"} includes fecal samples that were not used for the microbiota comparison because of the small group size.

10.1371/journal.pone.0205055.t001

###### Summary of the prevalence of fecal *Clostridium XI* in mice given AIN93-G diet (Control diet) or AIN93-G diet supplemented with inulin (Inulin diet).

![](pone.0205055.t001){#pone.0205055.t001g}

                                                                                            Prevalence of *Clostridium XI* (% of total)[^a^](#t001fn001){ref-type="table-fn"}                     
  ----------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------- ----------------- ---------
  1 wk                                                                                      0.191±0.109 (7)                                                                     0.010±0.017 (8)   4.2E-04
  2 wk                                                                                      0.251±0.238 (7)                                                                     0.003±0.006 (8)   0.011
  4 wk                                                                                      0.098±0.079 (7)                                                                     0±0 (8)           0.004
  5 wk                                                                                      0.079±0.020 (2)                                                                     0.001±0.001 (6)   2.5E-05
  6 wk                                                                                      0.375±0.147 (3)                                                                     0±0 (6)           2.7E-04
  7 wk                                                                                      0.423±0.175 (4)                                                                     0±0 (8)           2.8E-05
  8 wk                                                                                      0.301±0.076 (3)                                                                     0±0 (7)           3.0E-05
  **Switch to Control diet after 8-wk Inulin diet**[^b^](#t001fn002){ref-type="table-fn"}                                                                                                         
  1 wk                                                                                      0±0 (4)                                                                                               
  2 wk                                                                                      0±0 (3)                                                                                               
  3 wk                                                                                      0±0 (5)                                                                                               
  4 wk                                                                                      0.011±0.023 (4)[^c^](#t001fn003){ref-type="table-fn"}                                                 

^**a**^Results were pooled from 2 runs of sequencing. Numbers in the parenthesis after the mean ± SD represent the group size. Student's t-test was used to compare between mice of the same age under two different diets.

^b^After 8-wk Inulin diet, some mice from the Inulin diet group were switched to Control diet for another 4 weeks.

^c^At 4 weeks after the diet switching, fecal sample from one mouse showed a prevalence of *Clostridium XI* at 0.045% while the other three remains undetectable.

Before the start of the Inulin diet, mouse fecal samples of the Inulin diet group had a relative abundance of *Clostridium XI* at 0.197±±0.286%. As shown in [Table 1](#pone.0205055.t001){ref-type="table"}, up to 8-wk of control diet did not appear to affect the prevalence of *Clostridium XI*. The same nutritionally balanced Inulin diet, in contrast, significantly reduced the presence of *Clostridium XI*. After only 4-wk of Inulin feeding, *Clostridium XI* became undetectable and remained very low or undetectable. Fecal samples from Chow-fed mice also had no detectable *Clostridium XI*. *Clostridium XI* was detected in cecal samples of Control diet-fed mice. After 8-wk Control diet, the cecal samples had a prevalence of *Clostridium XI* at 0.009±0.004%. In contrast, after 8-wk Inulin diet, the cecal samples had no detectable *Clostridium XI*. After 8-wk Inulin diet, some mice were switched to the Control diet. Fecal samples had no detectable *Clostridium XI* during the first 3 weeks after switching. At 4-wk after switching to the Control diet, the cecal samples still had no detectable *Clostridium XI* but one mouse (out of 4) had *Clostridium XI* DNA found in the fecal sample again. To validate our PCR amplification and sequencing procedures, technical duplicates were included. The relative abundance of *Clostridium XI* in the technical duplicates is summarized in **[S1 Table](#pone.0205055.s001){ref-type="supplementary-material"}**.

The microbiota data that were used in comparing the prevalence of all genera shown in Figs [3](#pone.0205055.g003){ref-type="fig"}--[6](#pone.0205055.g006){ref-type="fig"} were also used to analyze major bacterial genera and the results are shown in **[S3](#pone.0205055.s004){ref-type="supplementary-material"}--[S6](#pone.0205055.s007){ref-type="supplementary-material"} Figs.** Except in [S3 Fig](#pone.0205055.s004){ref-type="supplementary-material"} where the V1-V3-based analysis could not detect *Bifidobacterium*, all V3-V4-based analysis found *Bifidobacterium* as a major genus ([S4](#pone.0205055.s005){ref-type="supplementary-material"}--[S6](#pone.0205055.s007){ref-type="supplementary-material"} Figs). The genera that were consistently found to be major in **[S3](#pone.0205055.s004){ref-type="supplementary-material"}--[S6](#pone.0205055.s007){ref-type="supplementary-material"} Figs** were *Allobaculum*, *Bacteroides*, *Clostridium XIVa*, and *Lactobacillus*. *Clostridium XI* was not in any list of major genera.

Higher bacterial diversity may be essential for the beneficial effect of fiber but human trials and animal studies did not observed a significant increase in diversity after the supplementation with purified soluble fibers \[[@pone.0205055.ref012], [@pone.0205055.ref013]\]. The fecal microbiota diversity shown as the number of genera was compared among mice consuming Control, Inulin and Chow and the results are shown in **[Fig 7](#pone.0205055.g007){ref-type="fig"}**. The number of genera was found to be consistently much higher in the fecal samples of Chow-fed mice compared to the Control mice independent of the number of sampled sequences. In contrast, Inulin feeding failed to increase the number of genera despite its similar ability to increase fecal bacterial load, density and reduce the presence of *Clostridium XI*.

![The effect of fiber on the fecal bacterial diversity.\
Fecal samples of the Control and Inulin groups were from 4-wk of respective dietary treatment. The data shown are means ± SEM with N = 5--8 mice in each group.](pone.0205055.g007){#pone.0205055.g007}

Discussion {#sec013}
==========

Fiber intake was found to rapidly change human fecal microbiota \[[@pone.0205055.ref038]\]. Results of this mouse fiber-feeding study showed that 1-wk of inulin supplementation were sufficient to decrease the fecal presence of *Clostridium XI*. Persistent consumption of soluble fermentable fiber inulin is needed to maintain *Clostridium XI* at an undetectable level. Diet with only insoluble fiber cellulose failed to suppress *Clostridium XI*. Although cecal samples had overall lower prevalence of *Clostridium XI*, cecal samples also showed an absence of *Clostridium XI* after Inulin diet but not after Control diets. Unpurified soluble fibers as part of plant-based diet appear to have the same effect as inulin in controlling *Clostridium XI*. Because of the regular turnover of intestinal mucosa, fecal microbiota would include both luminal and colonized microbes. Future studies are needed to confirm that this observation can be translated to the reduction of *C*. *difficile* presence and its colonization at the species level in humans.

Our mouse observation is consistent with that of fiber-feeding studies done on other mammalian species. Decreased *Clostridium XI* was observed when dogs were supplemented with soybean husk \[[@pone.0205055.ref039]\], and when female rats fed high-fat/sucrose diet with inulin supplementation \[[@pone.0205055.ref040]\]. In an inulin-feeding study using transgenic mice as a model for inflammatory bowel disease \[[@pone.0205055.ref041]\], a decrease in intestinal inflammation was associated with higher total fecal bacteria and lower fecal and cecal *Clostridium XI* as well as lower fecal *C*. *difficile* toxin B. Although our study did not establish a dose-response curve, this reduction in *Clostridium XI* by soluble fiber could have important public health implication since only 10% of US adults met the fiber intake requirement based on a recent analysis of data from the National Health and Nutrition Examination Survey \[[@pone.0205055.ref042]\].

Higher soluble fiber to insoluble fiber ratio in the diet was linked to more intestinal fermentation by-products in dogs \[[@pone.0205055.ref015]\]. The results of their indirect measurement of bacterial load are consistent with the results of our direct fecal bacteria quantification. None of the previous studies examined fecal microbiota and 24-hr fecal bacterial load/density simultaneously \[[@pone.0205055.ref012]\]. Compared to the soluble fiber-free AIN93-G diet, Inulin diet and Chow increased total fecal bacteria load and bacterial density. The higher total bacteria population likely contributes to the lower presence or even absence of *Clostridium XI* by soluble fiber intake. Most previous studies emphasize the importance of particular microbiota composition or diversity but in this study, Chow and Inulin diet affected the microbiota composition differently and only Chow-feeding increased diversity. Our observation on the possible importance of fecal bacteria load and bacterial density is consistent with indirect clinical evidences. Successful fecal microbiome transplantation to treat *C*. *difficile* infection did not depend on the presence of particular genera \[[@pone.0205055.ref043]\] and did not always lead to changes in diversity \[[@pone.0205055.ref044]\]. Antibiotic usage and cancer chemotherapy are known to reduce total commensal bacteria and have been repeatedly found as risk factors for *C*. *difficile* infection \[[@pone.0205055.ref001], [@pone.0205055.ref045]--[@pone.0205055.ref047]\]. Antibiotics designed to preserve commensal bacteria showed more effectiveness when used for the control of *C*. *difficile* infection \[[@pone.0205055.ref048]\].

Chow-feeding but not insulin supplementation promoted diversity likely because it contains more varieties of fiber (compared to the purified AIN-93G diet). Sugar beet pulp supplementation of purified diet in pigs was also found to increase fecal bacterial diversity \[[@pone.0205055.ref049]\]. In contrast, inulin addition to a modified high fat AIN-93G diet \[[@pone.0205055.ref050]\], or to a sugar beet pulp diet \[[@pone.0205055.ref049]\] did not lead to more diversity. The addition of functional fiber other than inulin also did not increase diversity \[[@pone.0205055.ref051], [@pone.0205055.ref052]\]. These observations on microbiome diversity further support a major role of fiber from the host diet as an important, if not primary, driving force for bacteria population dynamics \[[@pone.0205055.ref038]\].

Inulin intake was found to promote the conversion of primary bile salt to the secondary bile salts \[[@pone.0205055.ref010]\]. A decrease in the ratio of primary to secondary bile salt in the large intestine may be one mechanism contributing to the suppression of *Clostridium XI* by soluble fiber intake. A higher ratio of primary to secondary bile salts was found to promote the colony formation of *C*. *difficile* \[[@pone.0205055.ref053], [@pone.0205055.ref054]\]. Antibiotic treatment that favored the growth of *C*. *difficile*, on the other hand, decreases the conversion of the primary bile salts to the secondary bile salts in the intestine \[[@pone.0205055.ref054]\]. Also, fecal microbiome transplantation that cured *C*. *difficile* infection was found to restore normal fecal bile salt composition \[[@pone.0205055.ref055]\].

Fiber fermentation by microbiota can lead to the production of unique metabolites including short-chain fatty acids. The potential anti-inflammatory effects of these metabolites have been reviewed \[[@pone.0205055.ref012]\]. However, none of the studies that examined the direct role of short-chain fatty acids and other metabolites included the quantification of *C*. *difficile* or *Clostridium XI*. Also, decreases in fecal *Clostridium XI* and *C*. *difficile* toxin B were not always associated with higher fecal short-chain fatty acids \[[@pone.0205055.ref041]\].

Other mechanisms that can contribute to the colonization resistance have also been proposed but a direct testing of these microbe-microbe interaction or host-commensal interaction is challenging. For example, the growth of *C*. *difficile* may be modulated through bacterial quorum-sensing signals \[[@pone.0205055.ref056], [@pone.0205055.ref057]\]. Under stress conditions, changes in the intestinal gene expression were reported in inulin-supplemented animals \[[@pone.0205055.ref011], [@pone.0205055.ref058]\]. These gene expression changes may provide colonization resistance.

Developing infant gut microbiota has unique features compared to that of adults \[[@pone.0205055.ref059], [@pone.0205055.ref060]\]. In our mice study, newly weaned mice also showed a distinct pattern of microbiota (comparing [S3 Fig](#pone.0205055.s004){ref-type="supplementary-material"} left panel with [S4](#pone.0205055.s005){ref-type="supplementary-material"}--[S6](#pone.0205055.s007){ref-type="supplementary-material"} Figs). However, the unique infant microbiota features may not be a result of young age. Neither the human infant observations nor our mouse study directly test the effect of age independent of dietary differences, milk in infants vs. table/solid food upon weaning. Instead, an importance of diet in shaping intestinal microbiota has been reviewed \[[@pone.0205055.ref012]\].

Mice under Control and Inulin diet ate less compared to Chow-fed mice. However, the total energy intake was similar among three groups, which led to a similar weight gain. This is consistent with our previous observation \[[@pone.0205055.ref010]\]. The results of our studies do not support any short-term or long-term role of fiber in the energy balance under moderate fat intake. There was also no apparent association between microbiome composition/diversity and body weight. This conclusion is consistent with the proposed loose coupling between energy intake and energy expenditure on a daily basis \[[@pone.0205055.ref061]\]. The observed similar weight gain between mice fed purified inulin diet and mice given chow rich in dietary fiber also did not support any structure-dependent activities of fiber in energy balance.

Conclusions {#sec014}
===========

Purified and unpurified fiber, without affecting body weight, can both increase the fecal bacterial load/density and reduce the prevalence of *Clostridium XI*. `H`igher prevalence of particular probiotic bacterial genera or higher microbial diversity is not necessary. Future studies on the analysis of intestinal microbiota and on health implications should take the 24-hr fecal bacterial load and density into consideration. A recent human study also recommended quantitative microbiota profiling taking the bacterial density into the consideration \[[@pone.0205055.ref062]\].
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Control

:   AIN-93G diet

Chow

:   wheat, corn and soybean-based commercial rodent chow

Inulin

:   AIN-93G diet supplemented with 5% (wt:wt) inulin

C. difficile

:   *Clostridium difficile*

OTU

:   operational taxonomic units
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